Abstract: A number of LHC searches now display intriguing excesses. Most prominently, the measurement of the W + W − cross-section has been consistently ∼ 20% higher than the theoretical prediction across both Atlas and Cms for both 7 and 8 TeV runs. More recently, supersymmetric searches for final states containing two or three leptons have also seen more events than predicted in certain signal regions. We show that a supersymmetric model containing a light stop, winos and binos can consistently match the data. We perform a fit to all measurements and searches that may be sensitive to our model and find a reduction in the log-likelihood of 12.3 compared to the Standard Model which corresponds to 3.1-σ once the extra degrees of freedom in the fit are considered.
Introduction
After two years of running, the Atlas and Cms experiments at the Large Hadron Collider (Lhc) have performed a large number of Standard Model (SM) measurements and searches of beyond-Standard-Model (BSM) physics. Despite an overall agreement between experimental results and SM predictions, several 2-σ excesses can be spotted in some key areas of the data. While one would normally expect some of these measurements to fluctuate around the central values, the picture becomes more intriguing when the excesses point to similar kinematic region and final states. In this paper we re-analyse Lhc measurements to test a hypothesis that the overall agreement between the data and theory predictions can be improved by including the production of light supersymmetric [1] top quark partners [2] . This task is performed using two automated computer codes aimed at confronting new physics models with the Lhc data, Atom [3] and Checkmate [4] .
A starting point of our analysis are the W + W − cross section measurements performed by Atlas and Cms [5] [6] [7] . They show a small excess of 1-2-σ but remarkably consistent between the two experiments and different center-of-mass energies (cms). Recent analyses including higher order effects [8] [9] [10] increase the discrepancy, calling for more efforts to better understand its origin. Apart from a plausible explanation of systematic effects due to e.g. jet veto, one can invoke BSM models where the excess can be explained by the production of supersymmetric (SUSY) particles: charginos [ [20] [21] [22] production show very good agreement with the theoretical predictions. This hints that a solution cannot be a simple re-normalisation of the crosssection but requires a non-trivial explanation.
More recently, a pair of Atlas SUSY searches have shown intriguing excesses in soft lepton and missing energy channels that may also support the BSM interpretation. The first, a SUSY search for squarks and gluinos [23] has a ∼ 2.5-σ excess, in a signal region that looks for a pair of particularly soft muons and missing energy. Secondly, Atlas has released a tri-lepton search [24] for electroweak states where a number of different signal regions display small excesses: 1.6, 1.9 and 2.1-σ.
In this paper we focus on a simplified model with a light stop, chargino and two neutralinos and ask whether the above excesses can be explained in a consistent way without violating any of the vast number of SUSY searches that have been performed. In particular we concentrate on a model with a stop that is heaviest, a wino-like neutralino and associated charginos that are slightly lighter and a bino-like lightest supersymmetric particle (LSP). We thus find that with stop production the resulting decay chain dominates, where the ( * ) refers to the fact that the W ± may only be present as an off-shell state if the mass splitting, mχ±
The stop pair production, pp →t 1t * 1 , can therefore significantly contribute to the final state used for W + W − cross section measurements, two opposite sign leptons and missing transverse energy. We choose small mass difference between the stop and chargino, mt 1 − mχ± 1 = 7 GeV, to help to avoid the jet veto used in W + W − studies. In addition, the small mass splitting only produces soft b-jets and thus makes the model less strongly constrained by direct stop searches. The final state also contributes in e.g. the signal regions of SUSY searches in the di-lepton channel [23, 25] or control regions of Higgs boson measurements [26, 27] .
Along with the stop and chargino, the model also contains two neutralinos that may have significant cross sections. Therefore the additional production processes, pp →χ ± 1χ 0 2 and pp →χ + 1χ − 1 , should also be taken into account. In particular, contributions form the first process may become visible in the SUSY tri-lepton search [24] mentioned above with the following decays,χ
Therefore, the present study significantly enhances the scope of the previous analysis [2] that focused purely on the W + W − cross-section measurement. Of course it is important to not only include measurements that display excesses and bias the fit for new physics. Therefore we include all current Atlas searches that are sensitive to the model in question. Particularly important are the searches for stop and bottom squarks [28, 29] , squarks and gluinos with soft leptons [23] and electroweak searches [24, 25] . Every signal region in these searches is included in a global fit to provide a fair comparison with the SM. In addition, the regions in our model space that are excluded by these searches are given in the final results.
One should also note that additional constraints may be present in a model with light top quark partners. For example, such models may contain extra charge-or colour-breaking vacua [30] but since we only work with a simplified model this is beyond the scope of the current work.
The paper is organized as follows. In section 2 we introduce tools used in the analysis and briefly discuss included Lhc searches. In section 3 we provide details of the simplified model and methodology of the parameter scan. The results are described in section 4 followed by a discussion in section 5. Finally we summarize our findings in section 6.
Tools and measurements
The idea of the study is to provide a global fit to the SUSY model in question and compare this to the SM. In order to perform this task we make use of studies implemented in the experimental re-casting tools Atom [3] and Checkmate [4] . Both tools make use of a fast detector implementation, Rivet [31] for Atom 1 and Delphes 2 [32] for Checkmate. Both setups use FastJet [33] with the anti-k T algorithm [34, 35] for all analyses. Additional tools were used to calculate the kinematical variable M T 2 [36] [37] [38] .
All SUSY events are generated with Herwig++ [39, 40] . For stop production, these events are normalised by the NLO+NLL cross section using Nll-fast [41] [42] [43] [44] , while for chargino and neutralino production, we use Prospino-2 [45] . For all production processes we use the CTEQ NLO parton distribution functions [46] .
As stated in the introduction we include the current W + W − measurements from both Atlas and Cms along with all Atlas searches that may be sensitive. The rational behind only choosing Atlas searches is that both Atom and Checkmate have been tuned to Atlas but the Cms tunes have not yet been completed. In addition, it appears that the relevant Cms searches 3 [48] [49] [50] are less sensitive to the model we propose here. All the analyses are listed in table 1 and below we introduce the different analysis classes in more detail.
Throughout the study, all SM backgrounds are taken from the respective experimental publication. However, to validate the various analyses we have generated the dominant SM backgrounds and our results match the experimental results very closely and always to better than 10%. Here W + W − production is the dominant background and therefore the experiment makes a control region measurement which we can use. Unfortunately, an error analysis is not provided for the control region and we therefore assume that the systematic error will be the same as the Cms analysis (6%). Considering that the Atlas result has ∼ 6 times as much luminosity and many of the systematic errors are statistically limited we believe that this is a conservative choice.
We furthermore include the Higgs signal region from ref.
[27] which differs from the W + W − control region solely by the lepton invariant mass cut. Therefore, both regions include the full W + W − sample binned in a way that could provide sensitivity to mass difference between chargino and the LSP. The number of expected W + W − events in the Higgs signal region of ref.
[27] has been renormalized by 1.08 with respect to the Monte Carlo (MC) prediction. 4 For our purpose we therefore rescale this number, assuming that 4 Note that even after this rescaling of the W + W − background, there is still an excess in the signal region suggesting that the additional contribution falls more often in the low m bin. This feature would promote smaller mass splitting between the chargino and the LSP.
it was caused by the contamination of W + W − control region by the stop production. In this way we obtain a real size of the excess in the observed events with respect to the MC prediction. The precise number of events we assume along with the systematic error and calculated excess are shown in table 2.
SUSY di-lepton search
We include the Atlas search for chargino and slepton production in the di-lepton channel [25] since the study could provide important limits for stop and gaugino production. It is also interesting to note that like in the Higgs spin study [27] , the MC-predicted and observed numbers in the W + W − control regions do not match well. This excess can be again neatly explained by the contamination coming from stop production. As in the Higgs study, the W + W − background in the signal regions is found by normalising the Monte Carlo prediction by the excess in the control regions. In this analysis, the rescaling actually leads to a deficit in the number of observed events in the signal regions. We therefore follow the same procedure as for the Higgs study and remove the normalisation on the W + W − background.
Leptonic squark and gluino searches
General SUSY searches that include signal regions looking for soft leptons may be particularly relevant for our model. The original motivation for these searches was to look for compressed SUSY or universal extra dimensions (UED) spectra.
The first analysis [23] we consider has both single and di-leptonic signal regions. Of special interest to our model is that a signal region looking for a pair of soft muons displays a ∼ 2.5-σ excess (see table 2 ). However, we include all 13 signal regions into our analysis to account for the fact that some of these may also be relevant for our model.
The second analysis [51] is based on the so called 'Razor' variable that reparametrises the background into a smoothly falling distribution. SUSY is then searched for as a departure from the expected shape. No excess is seen in the analysis and consequently we simply use the search to constrain our model
SUSY tri-lepton searches
Since in our simplified model we have the mass degenerate chargino and neutralino,χ ± 1 andχ 0 2 , SUSY electroweak searches could also play important role. The most relevant analysis here is the tri-lepton search performed by Atlas [24] . The study targets final states with three leptons and missing energy. An important feature of this study is the sensitivity to events with low invariant mass of an opposite-sign lepton pairs. Indeed, in several signal regions of low invariant mass one can see the excess of observed events that goes up to 2.1-σ, see table 2. This results in weaker than expected exclusion limits for chargino-neutralino associated production, notably in the mass region of ∼ 200 GeV. Such an excess of events can be easily associated with a neutralino decaying to a pair of leptons provided the mass splitting mχ0 2 − mχ0 1 is not too large. As we will see later this will be an important contribution to our analysis.
In addition, one may worry that the tri-leptonsχ 
Stop searches
Finally, we include the ATLAS direct searches for light and medium stops with either one [29] or two [28] isolated leptons. Since the mass splitting, mt
GeV, in our model is small we expect the b-quarks produced in this decay to be soft and that these searches will only provide weak constraints. We also note that in the two lepton study a control region measurement of W + W − production is made that is then extrapolated to the signal region. We once again remove this normalisation to account for the fact that we expect the control region to be contaminated with signal.
Scan
For our scan we choose a simplified model with the following mass hierarchy:
and set the mass difference between the stop and chargino to mt . In order to find the set of parameters that provides the best explanation of the existing data we perform a scan in these two parameters. The production cross section of χ 2 . In realistic SUSY models, several modifications of the above scenario could be possible. Firstly, instead of wino-like chargino and neutralino, one could have higgsino-likẽ χ ± 1 accompanied by two neutralinos,χ 0 2 andχ 0 3 . This will not change the decay patterns above and only the cross section for production ofχ ± 1χ 0 2,3 would be reduced compared to the pure wino case. On the other hand, if sleptons are light -but still heavier than the chargino -the branching ratios could be significantly affected enhancing the leptonic decay modes when only three-body decays are allowed. Such a modification could be motivated by dark matter constraints, allowing for larger annihilation cross sections, or by the muon anomalous magnetic moment. Finally, right-handed sleptons lighter than the chargino will not affect its decays because of the vanishing coupling between wino and the right-handed slepons. In case of staus, this would require a very small left-right mixing and small higgsino component in the light chargino. The main advantage of such a modification, if m˜ − mχ0 1 ∼ 10 GeV, would be dark matter relic density consistent with current measurements for the bino LSP via coannihilation with sleptons.
To perform the scan, we generate a grid in the (mt corresponding grid is generated for chargino and neutralino production. The number of generated events followed by leptonic decays varies across the plane according to the production cross section and expected number of signal events, in order to reduce the impact of MC statistical errors. Since some of the signal regions of the studies under consideration, notably ATLAS-CONF-2013-062 [23] and ATLAS-CONF-2013-089 [51] , have very small acceptances, up to 2.5 · 10 6 events has been generated around the region of best fit.
The fit was performed with the following test statistics. For signal regions (or measurements) with large numbers of expected and observed events (> 20) we use the χ 2 statistic,
where
Here, n i is the number of observed events, µ i,b is the expected number of background events, µ i,s is the expected number of signal events, σ i,stat and σ i,b are the statistical and systematic uncertainty on the expected number of background events for each signal region, i. However, for signal regions with small numbers of expected or observed events, the χ 2 statistic becomes unreliable and we therefore use the likelihood-ratio test statistic [52] ,
for each signal region j. The systematic uncertainty on the background is included by marginalising over this error and is always assumed to be Gaussian. Specifically, we perform an integral where we shift µ j → µ j (1+f (b )), where f (b ) is drawn from a Gaussian, G, with standard deviation, σ j,b . The overall test statistic is then given by the summation of the small and large event signal regions, 6
(3.5)
Here N h refers to the number of high statistic signal regions with both µ i , n i ≥ 20 whereas N l refers to the number of low statistic signal regions with both µ j , n j < 20. We make the assumption that all errors are uncorrelated when we perform the fit. Seeing as many of the detector effects, background samples and signal samples are clearly correlated one may worry about how justified the assumption is. Unfortunately, the experiments often do not even provide a detailed breakdown of systematic errors in a single analysis, let alone provide a detailed correlation matrix. Therefore we found that it is impossible to reliably estimate how big the correlations would be within a single analysis let alone the different disjoint analyses we consider here. In the discussion section 5, we consider how including correlations may effect our final conclusions.
Results
Considering that current Lhc excesses occur in both two and three lepton signal regions, an interesting question is whether our stop model can simultaneously explain both sets of data. For the di-lepton channels, the dominant process is stop pair production followed by the decay chain,t
However, for the tri-lepton signal, the dominant channel is the electroweak production of pp →χ ± 1χ 0 2 with the following decays,
Thus, we explore the fits to the two and three leptons channels separately before providing a combination.
Di-lepton channels
For the di-lepton fit 7 we include all experimental analyses listed in = 7 GeV we find that the stop model fits the current data significantly better than the SM as can be seen in figure 1. The best fit point is found to be, Compared to the SM we find a reduction in the log-likelihood, −2 ln L = 9.1, which corresponds to ∼ 2.6-σ once the extra degrees of freedom in the fit are considered. In addition we plot the exclusion limits from the most constraining Atlas supersymmetric searches in figure 1. We find that the electroweak search for two leptons [25] best constrains our model but cannot exclude the best fit point. However, since the exclusion probes mass splittings between the mt 1 and mχ0 1 only ∼ 15 GeV larger than our preferred region, we believe that there is a good chance that these searches can probe the model in the near future. 
Tri-lepton channels
For the tri-lepton fit include the dedicated Atlas search [24] and the W ± Z 0 measurements to concentrate on the electroweak production ofχ ± 1χ 0 2 followed by the decay chains given in eq. (4.2) and (4.3). We scan over theχ ± 1 =χ 0 2 andχ 0 1 mass space and remind readers that we considerχ ± 1 ,χ 0 2 to be purely wino andχ 0 1 bino. The best fit point for our model is to be found with the following parameters, Compared to the SM, includingχ ± 1 ,χ 0 2 production reduces the log-likelihood of the fit by 4.3 which corresponds to 1.6-σ once the extra degrees of freedom in the fit are considered.
As can be seen in figure 2, the best fit point lies well above the current experimental exclusion. However, one should notice that the expected exclusion goes almost exactly through our best fit point. Consequently, the current experimental analysis is sensitive to the model we propose. Indeed, if the excess present in the data is only due to a statistical fluctuation, one would expect the point to be ruled out in the forthcoming Lhc run at 14 TeV.
Finally we also note that at the best fit point our model has a mass difference mχ± 1 ,χ 0 2 − mχ0 1 ∼ 50 GeV. Consequently, our model contributes negligibly to W ± Z 0 measurements since the invariant mass of the leptons produced in theχ 0 2 decay lies outside the normal mass window defined for the Z 0 .
Combined analysis
One should already notice that the best-fit points for botht 1t * 1 production andχ ± 1χ 0 2 production lie very close and well within the 1-σ regions. We therefore perform a combined fit again as a function of mt The result is shown in figure 3 and we find the best fit point for our model to be, Comparing with the SM we find a reduction in the log-likelihood of 12.3 which corresponds to 3.1-σ once the extra degrees of freedom in the fit are considered. In table 2 we show the breakdown of the different signal regions that display significant excesses and the improvement in the standard deviation due to our model. We see that all the W + W − measurements (including the Higgs) present a compelling improvement in the agreement with data. The di-lepton measurements dominate the fit and thus the improvement in the trilepton signal regions is less stark. However, we still improve the compatibility with data including a reduction in the standard deviation from 2.1-σ → 1.4-σ for the signal region 'SR0τ a01'.
Another question one may ask is how does the fit quality change as the mass splitting between the stop and chargino is increased? If we increase the mass splitting to 15 GeV SR0τ a06 13 6.6 ± 1.9 1.9-σ 2.2 1.3-σ SR0τ a10 24 16.4 ± 2.4 1.6-σ 0.4 1.5-σ Table 2 . Significant excesses present in the dataset under investigation. We give the signal region (SR) of interest, the observed number of events (Obs), the expected number of events (Exp) along with the associated systematic error. The SM standard deviation (s.d.) for each signal region is also given along with the expected number of events for our model best fit and the associated standard deviation. We only show the systematic error on the signal regions but the statistical errors are also included in the fit.
(compared to the 7 GeV presented), we find that the best fit point still has mt 1 = 212 GeV. However, the minimum of the log-likelihood increases by ∼ 1, since the direct stop searches now become more sensitive to the model. This is due to the b-quark in thet 1 → bχ ± 1 decay being harder and thus easier to reconstruct. As the mass difference is increased more, we expect the fit quality to deteriorate further.
Discussion
If the observed excess in W + W − measurements is confirmed with a larger significance in the full 8 TeV dataset, it will be important to confirm its BSM origin. As argued in ref.
[2] a useful observable [53] [54] [55] for that purpose is
where ∆η is a difference of the pseudo-rapidities between the leading and the trailing lepton. This variable is a cosine of the polar angle of the leptons with respect to the beam axis in the frame where the pseudo-rapidities of the leptons are equal and opposite, as discussed in ref. [53] . Being a function of the difference of pseudo-rapidities, it is longitudinally boost-invariant. Following a discussion in ref.
[2] we extend its sensitivity by requiring with E, P z being the total energy and longitudinal momentum of the reconstructed leptons. The resulting distribution is shown in figure 4(a) . In figure 4(b) we show the evolution of the significance as a function of luminosity collected at 13 TeV for the asymmetry defined as
where N (. . .) is the number of events fulfilling the respective condition. The value of the asymmetry for stop signal alone is At 1 = −0.52, for the SM contribution A SM = 0.12 and for the sum of stop and SM contributions A SM+t 1 = −0.04. After ∼5 fb −1 a 5-σ discrimination between SUSY and the SM should be achievable while with the full 8 TeV data sample the expected significance is 3-σ. In addition a shape analysis of the cos θ * distribution can further enhance significance of the discovery [2].
Soft b-jets coming from stop decays could also be exploited to distinguish the stop contribution from genuine W + W − production. A detailed analysis of tt background would be required in this case. This technique would require a detailed detector simulation and is beyond the scope of this study. We note however, that observation of such a signal would clearly point to the BSM partners of the third generation quarks. Another possible method is to study correlations of tagging jets [56] that can be different between stop production and background processes.
With a higher integrated luminosity and production cross section when the Lhc moves to 13 TeV one could envisage a study of the di-lepton distribution from the neutralinõ χ 0 2 decays. This would enable a direct measurement of the mass difference, mχ0 2 − mχ0
1 . Together with the cross section measurement a more precise measurement of absolute masses could be expected.
A final enticing prospect is the hope that other SUSY states could be in reach of the Lhc. The naturalness arguments that predict light stops also dictate that the gluino should not be much heavier than the current bounds. Perhaps with the extended centre of mass energy, these states will become fully accessible. Related to the question of naturalness is the mass of the higgsinos. In our model we chose the bino to be lightest SUSY particle and the wino to be close in mass to the stop. However, we believe either of these states could be replaced by higgsinos and the fit would proceed with a similar result. Another possibility is that the higgsinos could lie just above the stop mass and in this case they would have no effect on the phenomenology presented here.
In this study we chose what we think is one of the simplest SUSY model in order to explain the current Lhc excesses by only varying the stop and LSP mass. In doing so, we took the 'canonical' choice of a bino LSP and wino NLSP and a primarily righthanded stop to avoid any possible constraints from Higgs data or electroweak precision tests [57, 58] . We anticipate that this simple choice may attract criticism since it will not predict the correct dark matter relic density. However, we believe that there are two trivial solutions to this problem that will only minimally alter the Lhc phenomenology. Firstly, by allowing a generic mixing of the parameters of the neutralino and chargino mass matrix, a 'well tempered' LSP [59] can be achieved. Secondly, introducing an extra particle that lies close in mass to the LSP (for example a NMSSM singlino [60] or a right-handed slepton) can lead to effective co-annihilation [61, 62] .
In addition, one can also question whether the outstanding problem of the anomalous magnetic moment of the muon could be addressed. Essentially, we would require light sleptons in the vicinity of the current best-fit point. Simply by placing their mass above the chargino they would clearly have a non-negligible impact on the branching ratios of chargino. One of the consequences could be shifting the preferred chargino mass higher since with the enhanced leptonic branching ratio the lower cross section would suffice reproduce the current excess. If lighter, they could also play a role in enhancing annihilation cross section of the LSP and also decays of charginos via an intermediate slepton.
The reason we chose not to include these effects is that in the general MSSM, the parameter space allows a huge range of possibilities that the current data cannot distinguish. We worried that adding (at least two) additional parameters to fit two measurements may detract and distract from the fact that the current Lhc data can be fit with a far simpler model.
One should also mention of course that on a phenomenological level, there is no reason to conclude that a SUSY model fits the current data best and it is likely that many other models will also be able match satisfactorily.
Conclusions
In this study we have analysed a simplified model with light stop quarks, charginos and neutralinos. A detailed scan of the available parameter space was performed by checking the compatibility of this model with a number of searches and measurements performed by the Lhc experiments. The most significant studies in our analysis are the W + W − cross section measurements, Higgs spin measurement and SUSY tri-lepton searches. All of them show moderate excesses in the observed number of events.
We found that the inclusion of stop production improves the fit to the data with respect to the SM with a reduction in the log-likelihood of 13.3. Once the extra degrees of freedom in the fit are considered, this corresponds to 3.2-σ difference. The parameter point that best fits the available data is given by mt An additional observable based on the rapidities of the final state leptons could further increase the significance of the discovery. It provides a strong hint about the BSM nature of the excess in W + W − cross section measurements.
While the available measurements are not conclusive as whether new physics has indeed been observed at the current Lhc run, the several experimental hints presented here point to an exciting possibility that requires further investigation. It is worth noting that several different studies point to the same region in parameter space that is also not excluded by the other available searches.
The situation may become more clear when the final measurement of W + W − production cross section at √ s = 8 TeV is released by Atlas and Cms. However, the final answer will be provided by the future measurements with the Lhc at 13 TeV. With a higher centre-of-mass energy and an integrated luminosity increased by an order of magnitude, the nature of the excesses, if they persist, can be studied in detail.
Note
Simultaneous to our work, ref. [63] have also investigated the W + W − excess with SUSY models and results similar to the ones presented here. 
